Skeletal muscle aging is associated with a loss in tissue mass and contractile strength, as well as fiber type shifting and bioenergetic adaptation processes. Since mitochondria represent the primary site for energy generation via oxidative phosphorylation, we investigated potential changes in the expression pattern of the mitochondrial proteome using the highly sensitive DIGE approach. The comparative analysis of the mitochondria-enriched fraction from young adult versus aged muscle revealed an age-related change in abundance for 39 protein species. MS technology identified the majority of altered proteins as constituents of muscle mitochondria. An age-dependent increase was observed for NADH dehydrogenase, the mitochondrial inner membrane protein mitofilin, peroxiredoxin isoform PRX-III, ATPase synthase, succinate dehydrogenase, mitochondrial fission protein Fis1, succinate-coenzyme A ligase, acyl-coenzyme A dehydrogenase, porin isoform VDAC2, ubiquinol-cytochrome c reductase core I protein and prohibitin. Immunoblotting, enzyme testing and confocal microscopy were used to validate proteomic findings. The DIGE-identified increase in key mitochondrial elements during aging agrees with the concept that sarcopenia is associated with a shift to a slower contractile phenotype and more pronounced aerobic-oxidative metabolism. This suggests that mitochondrial markers are reliable candidates that should be included in the future establishment of a biomarker signature of skeletal muscle aging.
Introduction
Mitochondria are highly evolved organelles that are enclosed by a smooth outer membrane and a heavily folded inner membrane structure and are involved in various cellular functions [1] . Both mitochondrial membrane systems [2] , as well as dynamic contact sites between the outer and inner membrane [3] [4] [5] , play a key role in energy metabolism and protein transport [6] . In most eukaryotic cells, mitochondria represent the primary site for energy generation via oxidative phosphorylation [7] . In addition, mitochondria are involved in intermediary metabolism, cell cycle progression, calcium signaling and the regulation of apoptosis, as well as the production of heme and iron-sulfur clusters [1] . Mitochondria are believed to have originated as endosymbionts of a primordial eukaryote and certain mitochondrial proteins are encoded by a unique mitochondrial genome. Approximately 1500 different mitochondrial proteins exist [2] , whereby the mammalian mitochondrial proteome exhibits considerable tissue heterogeneity [8] [9] [10] [11] . Altered expression levels within the mitochondrial proteome influence many aspects of normal development, diseases and the aging process [12] .
Mitochondrial dysfunction and oxidative stress appear to be associated with numerous cardiac pathologies such as congestive heart failure, ischemia reperfusion injury and cardiomyopathy [13] , skeletal muscle disorders including mitochondrial myopathies and sarcopenia of old age [14] and aging-related neurodegenerative diseases such as Alzheimer's disease, amyotrophic lateral sclerosis and Parkinson's disease [15] . In this respect, two aspects of altered mitochondrial activity are crucial for the cellular aging process. Firstly, the age-dependent decline in mitochondrial function adversely affects essential ATP-dependent processes [16] and, secondly, the increased release of ROS from the mitochondrial respiratory chain triggers severe oxidative stress in aged cells [17] [18] [19] . Abnormal mitochondrial metabolism is also important for skeletal muscle aging, as recently reviewed by Figueiredo et al. [20] . Age-related muscle degeneration is associated with enhanced production of mitochondrial ROS, impaired mitochondrial bioenergetic function, increased mitochondrial apoptotic susceptibility and a reduced transcriptional drive for mitochondrial biogenesis [21, 22] .
The age-related decrease in skeletal muscle mass and function is probably due to a multi-factorial pathology and is believed to play a crucial part in physical disability, frailty and loss of independence in the aged population [23] . The fact that skeletal muscles represent the most abundant tissue type in the body and that muscles exhibit an extensive capacity to adapt to altered functional and metabolic demands [24] , results in a considerable influence of neuromuscular abnormalities on whole-body homeostasis [25] . Age-dependent skeletal muscle degeneration has been termed sarcopenia of old age [26] and is one of the most striking features in the elderly [27, 28] . The decline in muscle strength even affects the most physically active master athletes in the group of aged individuals [29] and improved nutritional intake and exercise intervention can only partially prevent sarcopenia [30] . Initial proteomic studies on crude total skeletal muscle extracts have identified mitochondrial enzymes as potential biomarkers of agerelated fiber wasting, including various components of the citric acid cycle and oxidative phosphorylation [31] [32] [33] [34] [35] [36] [37] . Proteomic profiling of aged muscle has demonstrated substantial alterations in muscle proteins involved in key metabolic pathways, the regulation and maintenance of the actomyosin apparatus, myofibrillar remodeling and the cellular stress response [34] . A complex etiology appears to be the basis for a slower-twitching aged fiber population, which exhibits a shift to more aerobic-oxidative metabolism [38] .
Subproteomic studies have focused predominantly on mitochondria due to their important role in bioenergetics, disease and aging [2, [39] [40] [41] , especially the heart [42] [43] [44] and liver tissue [45, 46] . Comparative transcriptomic and proteomic studies have also been initiated to determine global changes in mitochondria from young versus aged skeletal muscle [47] [48] [49] [50] [51] . Based on these findings, we have conducted here a refined analysis of the aged mitochondrial proteome from rat skeletal muscle using the highly sensitive DIGE technique [52] [53] [54] . As reviewed by Doran et al. [55] , small rodents are excellent models for the discovery of new reliable biomarkers, for the optimization of diagnostic procedures and the development of new treatment options for skeletal muscle disorders. A well-established animal model of sarcopenia is represented by 26-month-old rat skeletal muscle [33] [34] [35] [36] [37] . A proteomic study by Piec et al. [31] revealed similar protein expression patterns between young and adult rat skeletal muscles, but considerable alterations in older animals. We have therefore performed a proteomic survey of mitochondrial preparations from 3-month-old versus 26-month-old muscles, representing young adult versus senescent tissues, respectively. The proteomic DIGE analysis presented here shows a clear age-related increase in key mitochondrial proteins, such as NADH dehydrogenase, the mitochondrial inner membrane protein mitofilin, peroxiredoxin isoform PRX-III, ATPase synthase, succinate dehydrogenase, mitochondrial fission protein Fis1, succinate-coenzyme A ligase, acyl-coenzyme A dehydrogenase, porin isoform VDAC2, ubiquinol-cytochrome c reductase core I protein and prohibitin. These findings agree with the idea that sarcopenia of old age is associated with an agerelated shift to a slower contractile phenotype and a bioenergetic adaptation to more aerobic-oxidative metabolism.
Materials and methods

Materials
IPG drystrips for 2-D gel electrophoresis, ampholytes, cover fluid, ACN, the PlusOne Silver Stain kit, and CyDye DIGE fluor minimal dyes Cy3 and Cy5 were purchased from Amersham Bioscience/GE Healthcare (Little Chalfont, Bucks, UK). Acrylamide stock solutions were obtained from National Diagnostics (Atlanta, GA, USA). Pre-cast mini gels were from Thermo Fisher Scientific (Waltham, MA, USA). GE buffer systems, protein molecular weight ladders and Bradford reagent were purchased from BioRad Laboratories (Hemel-Hempstead, Herts, UK). Sequencing grade-modified trypsin was purchased from Promega (Madison, WI, USA). LC-MS Chromasolv water and formic acid were from Fluka (Milwaukee, WI, USA). Protease inhibitors were obtained from Roche Diagnostics (Mannheim, Germany). Nitrocellulose transfer stacks were from Invitrogen (Carlsbad, CA, USA). Chemiluminescence substrate was purchased from Roche Diagnostics. X-ray films were from Fuji Photo Film (Tokyo, Japan). Primary antibodies were obtained from Abcam, Cambridge, UK (ab28172 to prohibitin; ab76241 to DJ1 protein; ab1473 to F1-ATPase; ab66484 to mitofilin; ab48139 to succinate dehydrogenase; ab2101 to lactate dehydrognase), Santa Cruz Biotechnology, Santa Cruz, CA, USA (ab-sc27992 to succinate dehydrogenase), Affinity Bioreagents, Golden, CO, USA (MA3-912 to fast SERCA1 Ca 21 -ATPase, MA3-921 to a 2 -DHPR), Sigma, Dorset, UK (m4276 to fast myosin) and Novacastra Laboratories, Newcastle upon Tyne, UK (antibody NCL-b-DG to b-dystroglycan). All secondary antibodies used were obtained from Chemicon International (Temecula, CA, USA). For microscopy, Superfrost Plus positively-charged microscope slides were purchased from Menzel Gl. asser (Braunschweig, Germany), optimum cutting temperature (OCT) compound was from Sakura Finetek Europe B.V (Zoeterwoude, the Netherlands), and p-phenylenediamineglycerol from Citifluor (London, UK). Ultra-pure lysine for quenching the DIGE labeling reaction, DNase-I enzyme, developer, diamidino-phenylindole (DAPI), the hydrophobic liquid blocker PAP pen, fixer and replenisher, as well as all other analytical-grade chemicals were purchased from Sigma Chemical Company.
Animal model of sarcopenia
The gastrocnemius muscle from 26-month-old Wistar rats was used as an established animal model of sarcopenia and compared to young adult skeletal muscle from 3-month-old Wistar rats. The biological suitability of senescent rat muscle as a model tissue to investigate fiber aging has been previously shown by various cell biological, physiological and anatomical studies, as recently reviewed by Doran et al. [55] . In analogy to age-related changes in human skeletal muscles, senescent rat muscles exhibit altered fiber type proportions, changed fiber size, fiber degeneration, the loss of whole motor units, denervation-reinnervation cycles resulting in the incomplete recruitment of aged fibers and a reduced speed of contraction [28] . These pathoanatomical and pathophysiological parameters have made aged rat muscles a convenient model system of aging that is routinely used in proteomic profiling studies [31, [33] [34] [35] [36] [37] [38] . For our comparative DIGE analysis of the young versus the aged mitochondrial proteome, freshly dissected gastrocnemius specimens were obtained from the Animal Facility of the Department of Physiology, Trinity College Dublin. Rats were kept at a standard light-dark cycle, fed at libidum and were unrestricted in their movement in standard animal house cages [37] .
Extraction of total skeletal muscle protein complement
Preparation of crude skeletal muscle extracts was carried out as previously described in detail [56] . Frozen muscle specimens were ground in the presence of liquid nitrogen into a fine powder using a mortar and pestle. Equal quantities of 100 mg wet weight of young and aged gastrocnemius muscle were used and the resulting powder was placed into 1 mL of homogenization buffer (0.5 M HEPES, pH 7.4, 200 mM EGTA, 10% w/v sucrose, 3 mM MgCl 2 , 0.1% w/v NaN 3 ). Samples were homogenized for 10 s with a Sonoplus HD 2200 apparatus from Bandelin (Berlin, Germany). To reduce the interference by excess DNA, 2 mL of DNase-1 (200 units) were added per 100 mL of lysis buffer. The buffer was also supplemented with a protease inhibitor cocktail [56] to avoid protein degradation. Suspensions were incubated on ice, with gentle vortexing every 10 min for 10 s, for 4 h and then centrifuged for 20 min at 20 000 Â g in a model 5417R centrifuge from Eppendorf (Hamburg, Germany). Protein concentration was determined by the Bradford method [57] .
Preparation of mitochondria-enriched fraction from skeletal muscle
Muscle mitochondria were isolated according to the method of Kane et al. [58] with slight modifications, as outlined below. The successful enrichment of mitochondria by differential centrifugation was judged by immunoblot analysis. Two grams of young and aged gastrocnemius tissue was cut into small pieces and homogenized in 20 mL of homogenization buffer (2 mM HEPES, pH 7.4, 220 mM mannitol, 70 mM sucrose), supplemented with a protease inhibitor cocktail [56] . The resulting mixture was centrifuged at 1100 Â g for 5 min at 41C to remove cellular debris and nuclei. The mitochondria-containing supernatant was retained. The pellet was resuspended in 10 mL of above described homogenization buffer and re-centrifuged. Again the supernatant was retained and the pellet resuspended in 5 mL of buffer. This step was repeated once more with the pellet being resuspended in 2.5 mL of buffer. The supernatants from all extraction steps were combined and centrifuged at 7000 Â g for 15 min. The resulting pellet was resuspended in the above-described buffer system, containing a freshly prepared protease inhibitor cocktail, and centrifuged at 20 000 Â g for 15 min to sediment the mitochondrial fraction. This step was repeated three times with the pellet retained each time. After the final centrifugation step, the mitochondrial pellets were combined and gently resuspended in either 500 mL of homogenization buffer for immunoblot analysis or in 2-DE lysis buffer (7 M urea, 2 M thiourea, 4% w/v CHAPS) for gel electrophoretic separation. Samples for DIGE analysis were kept at a pH value of 8.5 [52] . To estimate mitochondrial enrichment following differential centrifugation, citrate synthase activity [59] was determined in crude versus mitochondrial samples from young and aged specimens. The average increase of marker enzyme activity in the mitochondria-enriched fraction as compared to total muscle extracts was 5.1-fold in young adult muscle and 5.3-fold in aged muscle. Protein content of the mitochondria-enriched fraction from young adult and aged skeletal muscle was ascertained by the Bradford assay system [57] . The average yield of the mitochondria-enriched fraction was 18 and 23% in young adult and aged preparations, respectively.
Immunoblot analysis
The fate of marker proteins during the mitochondrial isolation procedure and the validation of expression changes in mitochondrial proteins as judged by DIGE analysis was carried out by standard 1-D immunoblotting [33] . For routine analyses, skeletal muscle proteins were separated on a pre-cast 4-20% gel system from Thermo Fisher Scientific. For silver staining and immunoblotting experiments, 10 mg and 25 mg of muscle protein was run per gel lane, respectively. Samples were boiled for 10 min in Laemmli-type buffer containing 350 mM DTT prior to loading onto a MiniProtean-3 gel system (BioRad Laboratories). Gels were electrophoresed at 80 V until the tracking dye ran off the end of the gel. Protein gels to be silver-stained were placed in fixing solution (30% v/v ethanol, 10% v/v acetic acid). Silver staining was performed using the PlusOne Silver Staining kit from Amersham, which is based on the methodology of Heukeshoven and Dernick [60] . The protocol was carried out as per the manufacturer's instructions. Stained gels were scanned using an Umax image scanner from Amersham Biosciences/GE Healthcare. Gels for immunoblotting were transferred to an iblot transfer unit from Invitrogen for semi-dry blotting. Electrophoretic transfer was carried out for 6 min. The resulting protein-containing nitrocellulose membranes were blocked in a milk protein solution for 1 h and then incubated overnight with gentle agitation with sufficiently diluted primary antibody, diluted in blocking solution containing 5% w/v fat-free milk powder in PBS (0.9% w/v NaCl, 50 mM sodium phosphate, pH 7.4). Blots were washed twice with blocking solution for 10 min before incubation for 1 h with secondary peroxidase-conjugated antibodies, diluted in blocking solution. Following two washing steps with blocking solution and then two rinsing steps with PBS, immunodecorated bands were visualized by the enhanced chemiluminescence method [61] . Exposure of X-ray films usually took 1-5 min. For proper comparison, all blots probed with the same primary antibody were washed in the same solutions and exposed to X-ray film for the same amount of time.
DIGE analysis of the mitochondrial muscle proteome
Our laboratory has extensive experience with the proteomic analysis of aged muscle tissues [33, 34, 37] and has previously optimized the DIGE method for studying various skeletal muscle protein complements [62] [63] [64] . The proteomic profiling of the mitochondrial proteome from young adult versus aged skeletal muscle presented here has taken into account the general recommendations by Lilley and coworkers [65] [66] [67] for maximizing sensitivity for detecting changes in protein expression using minimal CyDyes. Overall, we used five young adult and five old animals in our DIGE analysis. In total, one gel was used for each animal, in both the pH 4-7 and pH 6-11 category. Thus, a total of 20 DIGE gels were run and analyzed. Cy3 and Cy5 dyes were reconstituted as a stock solution of 1 mM in fresh dimethylformamide. Prior to labeling, the stock solutions were diluted to a working solution of 0.2 mM. Individual 25-mg samples representing young adult mitochondria or aged mitochondria were minimally labeled with 200 pmols of Cy3 by standard procedure [52] . An internal pooled standard, consisting of equal quantities of protein from all investigated samples, was labeled at a ratio of 200 pmol Cy5 dye to 25 mg of protein. Samples at pH 8.5 were mixed with the appropriate amount of dye, vortexed briefly and incubated on ice for 30 min in the dark. The reaction was quenched by 10 mM lysine, which was incubated with the dye-protein mixture for 10 min on ice in the dark. Samples were immediately loaded onto IPG strips for electrophoretic separation in the first dimension. For IEF, pH 4-7 and pH 6-11 IPG strips were rehydrated for 12 h in rehydration buffer (7 M urea, 2 M thiourea, 65 mM CHAPS, 5% v/v ampholytes) in a re-swelling tray from Amersham Biosciences/GE Healthcare. After re-swelling, the IPG strips were loaded gel side up in an Amersham Ettan IPGphor manifold and covered with 108 mL of cover fluid. An appropriate amount of sample, along with an equal volume of 2 Â sample buffer (7 M urea, 2 M thiourea, 65 mM CHAPS, 2% ampholytes and 2% DTT), was added by anodic cup loading to the strips and run on an Amersham IPGphor IEF system, employing the following running conditions: 100 V for 2 h, 500 V for 1.5 h, 1000 V for 1 h, 2000 V for 1 h, 4000 V for 1 h, 6000 V for 1 h, 8000 V for 1 h, 500 V for 4 h and finally 8000 V for 1 h. Following IEF, IPG strips were equilibrated twice for 20 min in 6 M urea, 30% w/v glycerol, 2% w/v SDS, 100 mM Tris-HCl, pH 8.8, whereby the first incubation step was preformed with the addition of 100 mM DTT and the second incubation step with 0.25 M iodoacetamide. The strips were briefly washed in SDS running buffer (125 mM Tris, 0.96 M glycine, 0.1% w/v SDS) and placed on top of 12.5% w/v resolving gels and set in place using a 1% w/v agarose sealing gel. The gel electrophoretic separation of the mitochondrial muscle proteome in the second dimension was carried out by standard SDS-PAGE using an Amersham Ettan DALT-Twelve system. Gels were electrophoresed at 1.5 W per gel until the bromophenol blue dye front had just run off the gel.
Image acquisition and data analysis
CyDye-labelled proteins were visualized using a Typhoon Trio variable mode imager from Amersham Biosciences/GE Healthcare at a scanning wavelength of l 5 550 nm for Cy3 and l 5 650 nm for Cy5 labelled muscle proteins. The PMT values for gels analyzed were between 500 V and 700 V and the maximum pixel volume was between 80 000 and 90 000. Scanning was performed at 100 mm resolution [62] [63] [64] . The gel images were then analyzed using Progensis Samespots analysis software version 3.2.3 from Non Linear Dynamics (Newcastle upon Tyne, UK). All analytical gels were aligned to a reference gel. Following detection and filtering of spots, images were separated into groups (young adult versus old) and analyzed to determine significant changes in 2-D spot abundance. A hit list was generated of protein species that changed in abundance. An Anova score was included for each spot and any muscle proteins with an Anova score above 0.5 were excluded from further consideration. Similarly, PCA analysis was also carried out and any spots with a power value below 0.8 were also excluded. The same proteomic analysis was separately applied to the ten sets of pH 4-7 and ten sets of pH 6-11 gels. Any 2-D spots with a change in abundance that met all above outlined criteria were subsequently identified by LC MS analysis.
LC MS analysis of mitochondrial proteome
Prior to MS-based identification, 2-D protein spots of interest were manually excised from silver-stained gels, which had been loaded with 100 mg total protein. Spots were de-stained, reduced and alkylated before overnight digestion at 371C with 100 ng trypsin per protein spot [34] . Samples were then spun and the supernatant transferred to fresh tubes. Peptides were further extracted by the addition of 100 mL extraction buffer (1:2 TFA:ACN) for 15 min at 371C. Samples were spun and supernatants added to those from the previous step. Extracts were dried completely in a vacuum centrifuge and peptides resuspended in 20 mL of 0.1% formic acid. 
Enzyme assays
To evaluate potential changes in the enzyme activity of select marker proteins, established assay systems were employed. NADH dehydrogenase activity was measured by the oxidation of NADH in 50 mM sodium phosphate, pH 6.5, 1 mM EDTA, 100 mM Q 1 , 2 mM KCN and 200 mM NADH. Measurements were carried out on a Cary Varian Eclipse fluorescent spectrophotometer from Varian (Palo Alto, CA, USA) for 10 min with an excitation and emission wavelength of 340 and 460 nm, respectively [68] . Aldolase and succinate dehydrogenase activity were determined on a Lambda 35 UV-Vis spectrophotometer from PerkinElmer Life and Analytical Sciences (Waltham, MA, USA). Aldolase activity was measured in 57 mM fructose-1,6-bisphosphate, 0.05 mM EDTA and 1.9 mM hydrazine sulfate [69] . The formation of hydrazone was measured at 240 nm for 10 min. Succinate dehydrogenase activity was measured in 0.1 mM EDTA, 0.1% w/v BSA, 3 mM sodium azide, 100 mM 2,6-dichlorophenol-indophenol, 50 mM potassium phosphate and 20 mM succinate [70] . Reactions were started by the addition of succinate and the decrease in absorbance measured at 680 nm for 10 min. To determine mitochondrial enrichment following differential centrifugation, citrate synthase activity was determined with Sigma Enzyme Kit CS0720, which is based on the method originally described by Srere [59] .
Confocal microscopy
The subcellular localization of mitochondrial marker proteins was carried out by confocal microscopy, as previously described in detail [56] . Tissue sections derived from young adult and aged gastrocnemius muscle were mounted on a cyrocassette with OCT compound and frozen at a temperature of -201C. Transverse cryosections of 10-mm thickness were cut on a Shandon Cryotome (Life Sciences International, Cheshire, UK) and then transferred to Superfrost Plus positively-charged microscopy slides. Sections were fixed and permeabilized by being submerged in ice-cold 100% acetone for 5 min. Tissue sections were left to dry at room temperature before being washed briefly in ice-cold PBS [56] . After the removal of excess buffer, a layer of wax was drawn around the sample with a Liquid Blocker Super PAP Pen. Sections were submersed in blocking solution (0.2% w/v BSA, 0.2% v/v Triton X-100, and 2.5% v/v goat serum in PBS) for 30 min, and then incubated with primary antibodies diluted in 0.2% w/v BSA and 0.2% v/v Triton X-100 in phosphate-buffered saline for 4 h. Subsequently sections were washed twice for 30 min in above solution omitting antibodies. Sufficiently diluted secondary antibodies were placed on tissue sections for 1 h, followed by the above-described washing steps. Fiber nuclei were labelled with 1 mg/mL DAPI for 30 min [56] . One drop of pphenylenediamine-glycerol was applied to the immunodecorated tissue sections and then coverslips carefully placed over the sections, avoiding the introduction of air bubbles. 
Results
Isolation of mitochondria-enriched fraction for proteomic analysis
In contrast to mitochondrial preparations from liver, the same type of organelle is relatively difficult to isolate from contractile tissues, which are tougher to homogenize and more difficult to fractionate without considerable levels of cross-contamination derived from other cellular structures. This concerns especially the entrapment or adsorption of elements belonging to the contractile apparatus, which makes up approximately half of all muscle proteins, and components associated with the extensive membrane systems of the sarcolemma, transverse tubules and sarcoplasmic reticulum. However, the application of lengthy and excessive separation and washing steps for producing highly purified mitochondria may introduce potential artifacts that considerably complicate comparative proteomic studies. Therefore, an analytical compromise was applied in this study in order to overcome the under-representation of the mitochondrial protein complement in crude total muscle extracts. An efficient and fast differential centrifugation protocol was employed that used a minimum of separation steps [58] and resulted in a subcellular fraction that was sufficiently enriched in muscle mitochondria. To evaluate the yield of mitochondrial elements in the final preparation and the potential crosscontamination with other muscle components, an immunoblot survey was conducted. Silver-stained 1-D gels clearly showed a considerably different protein band pattern between crude extracts and the mitochondria-enriched farction (Fig. 1A) . As illustrated in Fig. 1B-F , antibodies against abundant markers of the contractile apparatus, sarcolemma, transverse tubules, sarcoplasmic reticulum and cytosol were employed. Immunodetection clearly showed a drastic reduction in the sarcolemmal marker b-dystroglycan, the sarcoplasmic reticulum Ca 21 -ATPase SERCA1, the a 2 -subunit of the transverse-tubular dihydropyridine receptor, the fast-twitch MHCf isoform of the contractile protein myosin and the cytosolic marker enzyme lactate dehydrogenase in the mitochondrial preparations from both young adult and aged skeletal muscles. In contrast, antibody labeling experiments for the identification of markers of the inner mitochondrial membrane, the mitochondrial matrix and the outer mitochondrial membrane, i.e. succinate dehydrogenase, malate dehydrogenase and the porin isoform VDAC1, respectively, showed an enrichment of these proteins in the mitochondrial fraction (Fig. 1G-I ).
DIGE analysis of mitochondria from aged skeletal muscle
In contrast to conventional protein dye staining methods, DIGE analysis is a highly accurate quantitative technique that enables multiple protein samples to be separated on the same 2-D gel, thereby greatly reducing the introduction of potential artifacts due to gel-to-gel variations [52] [53] [54] . This makes comparative DIGE approaches one of the most powerful analytical tools for conducting comparative biochemical investigations. Based on the previously published findings from proteomic profiling exercises using crude total muscle extracts [31] [32] [33] [34] [35] [36] Fig. 2A-D ) and pH 6-11 ( Fig. 2E-H) range. The lower and higher pH-scale of the two different IEF approaches resulted in the separation of 726 and 722 2-D protein spots, respectively, whereby unsurprisingly a certain amount of muscle proteins in the neutral pH range overlapped between the two analytical DIGE gels ( Fig. 2A-H ).
Proteomic profiling of aged muscle mitochondria
A list of the 39 DIGE-identified protein species that exhibited a drastically altered expression level in aged mitochondria is shown in Supporting Information Table 1 . The table combines data from both pH 4-7 and pH 6-11 gels and outlines matched peptide sequences, percentage sequence coverage, Mascot score, the relative molecular mass, pI value, protein accession number and fold-change of individual proteins affected during fiber aging. The majority of identified muscle proteins were found to be constituents of mitochondria, further emphasizing the above described successful subcellular fractionation protocol for the enrichment of mitochondria. In addition to mitochondrial markers, glycolytic enzymes, metabolic transporters and a contractile element were also identified by MS analysis. Mitochondrial proteins with an age-dependent alteration in abundance ranged in molecular mass from apparent 17 to 81 kDa and covered a pI-range from approximately 5 to 9. To be able to correlate MS-identified protein species (Supporting Information Table 1 ) with distinct 2-D spots of altered density, a DIGE Cy5 master gel combining both analyzed pH-ranges is shown in Fig. 3 . For optimum orientation, a landmark 2-D spot with unchanged abundance is indicated and marked mCK, representing mitochondrial creatine kinase [4] . An increased expression level was shown for 23 proteins that are clearly associated with mitochondria. Differential effects were observed for various non-mitochondrial elements. The Cy5-labelled master gels of Fig. 3 have marked and numbered all 39 changed protein spots from the mitochondria-enriched fraction. dehydrogenase (spot 11) and the CAP1/DJ-1 protein (spot 15) showed increased levels in aged fibers, the expression of Ldb3 protein (spots 33, 37) and the intermediate filament component desmin (spot 34) were decreased. Interestingly, the only identified marker of the contractile apparatus, fast troponin I (spot 39), was decreased in aged fiber preparations, agreeing with a fast-to-slow transformation process during muscle aging. The low level of contractile proteins also shows that the subcellular fractionation protocol employed here has successfully removed the majority of the contractile apparatus in the mitochondria-enriched fraction.
Increased mitochondrial proteins in aged skeletal muscle
The enlarged images of DIGE-identified protein spots in Fig. 4 and accompanying graphical presentations of expression changes in individual protein species clearly demonstrates increased mitochondrial elements in aged muscle. This includes NADH dehydrogenase ( Fig. 4A and L), the inner mitochondrial membrane protein mitofilin (Fig. 4B, M) , prohibitin ( Fig. 4C and N) , the porin isoform VDAC 2 ( Fig. 4D and O), succinate dehydrogenase ( Fig. 4E and P), mitochondrial fission protein Fis1 (Fig. 4F and Q) , acyl-coenzyme A dehydrogenase ( Fig. 4G and R) , peroxiredoxin isoform PRX-III ( Fig. 4H and S) , ubiquinol-cytochrome c reductase core I protein ( Fig. 4I and T) , succinatecoenzyme A ligase ( Fig. 4J and U) and F1-ATPase ( Fig. 4K and V). As illustrated in Fig. 5A , the majority of MS-identified proteins that exhibited a differential expression pattern are associated with mitochondria. Within the cohort of the mitochondrial complement, proteins derived mostly from the inner membrane system, as well as the outer membrane, matrix and intermembrane space (Fig. 5B ).
Immunoblot survey of mitochondrial biomarkers
To validate the results of the DIGE analysis of the mitochondria-enriched fraction from young adult versus aged skeletal muscle, comparative immunoblotting of selected protein species was carried out. Following an initial survey with various antibodies and evaluation of their signal-tonoise-ratio, the binding patterns of four commercially available antibodies were found to be suitable for proper quantitative immunodecoration experiments. Many other antibodies to muscle antigens resulted in high background staining with unreliable densitometric data and therefore made their statistical analysis problematic (not shown). In contrast, the trend of an increased protein expression pattern of F1-ATPase (Fig. 6A) , prohibitin (Fig. 6B ), CAP1/ DJ1 protein (Fig. 6E ) and succinate dehydrogenase (Fig. 6F ) was confirmed by antibody labeling, as illustrated in representative immunoblots. The immunoblotting results agreed with the above-described findings from our DIGE analysis ( Figs. 2-4 ; Supporting Information Table 1 ). The graphical presentations in Fig. 6C , D, G and H outlining the degree of immunolabeling of the four muscle proteins demonstrate an increased abundance in senescent fibers.
Age-related increase in mitochondrial enzyme activity
Standard enzymatic testing was employed to investigate potential changes in the activity of abundant mitochondrial markers in young adult versus senescent muscle. While the activity of the glycolytic enzyme aldolase was comparable between young and aged muscle preparations (Fig. 7A-C) , a significant increase in activity was observed for mitochondrial proteins associated with respiratory chain complexes. The biochemical activity of the main constituent of mitochondrial complex-I, NADH dehydrogenase, was increased ( Fig. 7D-F ). This agrees with the proteomic finding of elevated expression levels of this mitochondrial enzyme. In analogy, the activity of the mitochondrial complex-II enzyme succinate dehydrogenase, which connects the respiratory chain to the citric acid cycle, was also increased in senescent muscle Table 1 for a detailed listing of muscle proteins with a changed abundance in senescent fibers. The pH-values of the first dimension gel system and molecular mass standards (in kDa) of the second dimension are indicated on the top and on the left of the panels, respectively.
( Fig. 7G-I ). This biochemical result is also in agreement with the above-described proteomic profiling exercise and immunoblotting survey, and strongly supports the idea of an agedependent shift to more oxidative metabolism.
Subcellular localization of mitochondrial biomarkers in aged fibers
Confocal microscopy of transverse cryosections was used to investigate the subcellular localization of mitochondrial marker proteins in young adult versus senescent muscle. Figure 8 demonstrates an age-related increase in key mitochondrial proteins and confirms the results obtained by our DIGE-based proteomic profiling of aged gastrocnemius muscle. The fiber periphery and nuclei of young adult and aged muscle were visualized by immunolabeling of the sarcolemmal marker b-dystroglycan and DAPI staining, respectively ( Fig. 8A-E) . Comparative immunofluorescence labeling of phosphoglucomutase showed decreased levels of this glycolytic marker enzyme in aged fibers (Fig. 8A) . In stark contrast, the mitochondria-associated proteins succinate dehydrogenase, DJ1, prohibitin and mitofilin exhibited increased levels in senescent muscle ( Fig. 8B-E) . While most mitochondrial labeling was found in the interior of fibers, mitochondrial clusters in the subsarcolemmal region have also been highlighted by confocal imaging. Succinate dehydrogenase appears to show a high degree of differential distribution in aged fiber types. Fluorescent scanning suggests an approximate two-to threefold increase of key mitochondrial markers in aged gastrocnemius muscle ( Fig. 8B-E) . The increased levels of mitochondrial proteins in senescent fibers agree with the above outlined gel electrophoretic and immunoblot analysis, and suggest an agedependent metabolic adaptation process with more aerobic processes in a slower-twitching fiber population.
Discussion
Since alterations in mitochondria are implicated in many developmental, physiological and pathological processes [12] , we have here studied the potential effect of aging on the mitochondrial proteome from skeletal muscle using the highly sensitive DIGE technique in combination with LC-MS/MS analysis. Our main finding that the expression of a large array of key mitochondrial proteins belonging to the inner membrane system, matrix, outer membrane and intermembrane space is increased in senescent preparations agrees with the idea of an age-related shift to a slower contractile phenotype and more aerobic-oxidative metabolism [38] . The majority of changed mitochondrial protein species identified in this study were shown to be associated with the protein-rich inner membrane system. The inner mitochondrial membrane contains highly complex supramolecular protein assemblies involved in oxidative phosphorylation, ATP generation, metabolic flux and protein import [7] . Mitochondrial complex-I contains NADH dehydrogenase and is the largest respiratory chain unit. It is therefore not surprising that a large number of 2-D spots were identified as containing the highly abundant and complex enzyme NADH dehydrogenase. The principal constituent of complex-I exhibited drastically elevated levels and enzymatic activity in aged mitochondria, suggesting a shift to oxidative metabolism in senescent muscle. Another component of the mitochondrial respiratory chain with an increased abundance was identified as ubiquinol-cytochrome c reductase core I protein.
In agreement with increased oxidative metabolism were the DIGE-identified elevated levels of acyl-coenzyme A dehydrogenase, an enzyme involved in the initial catalytic steps of mitochondrial fatty acid b-oxidation [7] . The mitochondrial complex-II enzyme succinate dehydrogenase transfers electrons from succinate to ubiquinone and forms a vital link between the citric acid cycle and the respiratory chain [71] . The abundance and activity of this essential entry point of electrons to the oxidative phosphorylation system appears to be increased in aged muscle, further supporting the hypothesis that senescent fibers exhibit a shift to oxidative metabolism. With respect to the citric acid cycle, the apparent up-regulation of the mitochondrial protein succinate-coenzyme A ligase is also important. This matrix enzyme catalyses the reversible conversion of succinyl-CoA and GDP to succinate and GTP. Importantly, the expression of the mitochondrial supramolecular complex-V that utilizes the proton gradient across the inner mitochondrial membrane for ATP generation was increased during aging. Subunits of the ATP synthase complex were shown both by DIGE analysis and immunoblotting to be clearly elevated in 26-month-old gastrocnemius fibers as compared to young adult muscle, which has also been shown in a recent comparative study of aged rat sciatic nerve and gastrocnemius muscle [35] . This finding supports the concept that senescent muscles adapt their bioenergetic needs to a more mitochondria-based ATP formation in a slower contracting fibers population. Such a metabolic shift would cause a greater demand for oxygen and therefore the observed increase in the oxygen-carrier myoglobin in aged muscle agrees with the notion of increased oxidative metabolism [38] . The inner membrane protein mitofilin is considered indispensable for mitochondrial function [72] , therefore the age-related increase in its skeletal muscle isoform could be interpreted as a compensatory mechanism to rescue damaged organelles and counter-act fiber degeneration. This would also agree with the higher concentration of the mitochondrial outer membrane fission protein Fis1 seen in aged fibers. The complex mitochondrial fission and fusion apparatus is responsible for the dynamics, division, subcellular distribution and organelle morphology, making Fis1 a key player in age-related adaptation and remodeling processes [73] . Isoforms of prohibitin are present in the inner mitochondrial membrane and play a role in the assembly of mitochondrial respiratory chain enzymes and exhibit chaperone activity. A proteomic survey of mitochondrial proteins in cardimyocytes from chronic stressed rats has shown a drastic increase in prohibitin [74] . This would suggest similar protective mechanisms in stressed mitochondria from aged skeletal muscle.
Since oxidative stress levels are considerably elevated in aged tissues, the increased density of peroxiredoxin isoform PRX-III and CAP1/DJ1 protein might act as an antioxidant defense shield. ROS are a dangerous by-product of the electron transport chain activity in mitochondria and PRX-III serves as a thioredoxin-dependent peroxidase that regulates intracellular H 2 0 2 levels in an antioxidant defense pathway [75] . In addition, CAP1/DJ1 protein has also been reported to be involved in the cellular response to oxidative stress [76] . A key mitochondrial receptor present in the outer membrane system that was identified by our DIGE analysis of aged gastrocnemius fiber is a porin isoform that forms voltage-dependent anion channels. VDACs are a large family of pore-forming proteins that provide large membrane-spanning aqueous channels [77] . Increased levels of the VDAC2 transport protein agree with the concept of an age-related increase in mitochondrial function and a shift to more aerobic-oxidative metabolism in senescent fibers.
Other DIGE-identified proteins that are not directly present in mitochondria, but may be indirectly linked to this group of organelles, are glycolytic enzymes, metabolic carries, cytoskeletal elements and contractile proteins. Decreased expression levels were shown for Ldb3 protein and desmin. The Ldb3 protein is a PDZ domain-containing element that plays a role in cytoskeletal assembly and targeting and clustering of membrane proteins, and desmin is a component of the intermediate filament. Interestingly, mutations in the LDB3 gene are involved in the molecular pathogenesis of myofibrillar myopathy and dilated cardiomyopathy [78] . Thus, a reduction in both proteins may be involved in the functional decline of aged muscle fibers. A decrease of desmin was also shown by a recent proteomic study comparing the aged protein complement in crude extracts from rat sciatic nerve versus gastrocnemius muscle [35] . The differential expression and/or activity of certain glycolytic enzymes and reduced levels of hemoglobin subunits are difficult to interpret. Since these types of proteins are highly abundant and soluble, they can easily attach non-specifically to mitochondrial membranes during the subcellular fractionation protocol employed in this study. These findings might therefore not reflect their true expression status in aged muscle. On the other hand, glycolytic enzymes might form stable cytosolic complexes that interact with mitochondria in such a way that they cofractionate with mitochondria-enriched preparations. In agreement with a fast-to-slow transformation of aged muscle is the decreased abundance of the only DIGE-identified contractile protein, fast troponin-I. This troponin subunit might bind indirectly to mitochondria or is a soluble factor that becomes entrapped within the mitochondrial fraction. The lack of other contractile elements emphasizes the excellent separation protocol employed here.
In conclusion, the proteomic DIGE analysis of the mitochondria-enriched fraction from young adult versus senescent skeletal muscle presented in this report clearly showed increased levels of key metabolic and regulatory proteins during fibers aging. Alterations in the mitochondrial proteome included major elements of the supramolecular complexes that are involved in oxidative phosphorylation, ATP formation and fatty acid oxidation. Hence, skeletal muscle aging is clearly associated with a drastic shift to a slowertwitching senescent fibers population that exhibits a more aerobic-oxidative metabolism. In addition, increased levels of muscle proteins involved in antioxidant defense mechanisms, organelle fission and the renaturation process of malfolded proteins show that aged muscles appear to activate compensatory pathways to counter-act oxidative stress and protein degeneration. The mitochondrial markers described in this report represent novel and reliable candidates that should be considered for incorporation into the biomarker signature of skeletal muscle aging. Future studies focusing on these mitochondrial proteins may help in the design of superior diagnostic tools or the identification of new therapeutic targets for developing improved treatment options to eliminate agerelated muscle wasting.
